One sentence summary: Rhodospirillum rubrum was genetically modified in order to synthesize poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with an increased 3-hydroxyvalerate fraction, thereby improving the polymer properties independently of external precursor supply. Editor: Lígia Saraiva
INTRODUCTION
Polyhydroxyalkanoates (PHAs) are biodegradable polymers (biopolymers), which are accumulated as intracellular carbon and energy storage compounds by numerous bacteria (Brandl et al. 1995) . PHAs show promising physical properties, which depend on the composition and can compete with those of conventional petrochemically produced plastics (Laycock et al. 2013) . The naturally most abundant type of PHA is poly (3-hydroxybutyrate) [poly(3HB)]. Although it is synthesized by numerous wild type and recombinant organisms at high yields, practical applications of the poly(3HB) homopolymer are limited, which is mostly due to its high crystallinity leading to a stiff and brittle polymer (Anderson and Dawes 1990) .
To increase the tensile and impact strength as well as the flexibility, 3-hydroxyvalerate (3HV) can be incorporated into the short-chain-length polymer (PHA SCL ), which decreases the crystallization of the 3HB grid (Mitomo, Barham and Keller 1987) . The resulting poly(3HB-co-3HV) copolymer was the first PHA to be produced commercially by ICI (Zeneca) in 1970 under the trade name Biopol, which contained up to 24 mol% 3HV (Luzier 1992) .
As most PHA-accumulating microorganisms synthesize a poly(3HB) homopolymer when cultivated with single unrelated substrates such as carbohydrates, the incorporation of 3HV requires the addition of structurally related precursors, which can be converted to propionyl-coenzyme A (CoA) or 3-hydroxyvaleryl-CoA. These are usually propionate, valerate or other compounds consisting of three or five carbon atoms, which raise production costs of poly(3HB-co-3HV) significantly (Holmes, Wright and Collins 1982; Steinbüchel and Pieper 1992) . Different approaches have been made to potentially lower the costs for cosubstrates, such as the use of inexpensive supplements (Keenan et al. 2004; García et al. 2013) . Other studies aimed at the genetic engineering of bacterial strains to increase the intracellular concentration of propionyl-CoA, thereby allowing copolymer synthesis from unrelated carbon sources. Examples for altered metabolic pathways include branched-amino-acid synthesis in Escherichia coli or the methyl-malonyl-CoA pathway in Salmonella enterica serovar Typhimurium (Aldor et al. 2002; Chen et al. 2011; Wang, Liu and Qi 2014) . Apart from that a few bacterial species are naturally able to synthesize poly(3HB-co-3HV) from unrelated carbon sources, although they seem to be not suitable for large-scale cultivation (Haywood et al. 1991; Rodriguez-Valera and Lillo 1992; Valentin and Dennis 1996; Han et al. 2013 ).
An interesting alternative microorganism for the production of PHA SCL is the purple non-sulfur alphaproteobacterium R. rubrum. Due to its metabolic versatility it utilizes various carbon sources, including carbon dioxide and carbon monoxide from the emerging platform chemical synthesis gas (syngas; Kerby, Ludden and Roberts 1995; Rudolf and Grammel 2012; Latif et al. 2014) . The sufficient availability of the reducing power NADPH has been shown to be important for several industrially relevant biosynthetic reactions (Kabus et al. 2007; Martìnez et al. 2008; Wang, San and Benett 2013; King and Feist 2014) . This is also applicable to poly(3HB) synthesis, which has been reported to increase with a high level of NADPH availability, since the formation of the poly(3HB) precursor (R)-3-hydroxybutyryl-CoA requires the oxidation of NADPH by an acetoacetyl-CoA reductase (PhaB) (Jung and Lee 2000; Lim et al. 2002; Li et al. 2009 ). Nicotinamide nucleotide transhydrogenases (e.g. UdhA Ec , PntAB Ec ) are capable of transferring electrons directly from NADH to NADP + and vice versa, which has proven to be beneficial for several biosynthesis processes (Sánchez et al. 2006; Kabus et al. 2007) .
In order to generate an R. rubrum strain optimized for poly(3HB-co-3HV) production from various, unrelated carbon sources, different combinations of the genes for membranebound and soluble pyridine nucleotide transhydrogenases PntAB and UdhA from E. coli MG1655 (Sauer et al. 2003) , and the acetoacetyl-CoA reductases PhaB1 from Ralstonia eutropha H16 and R. rubrum S1 (Schubert, Steinbüchel and Schlegel 1988; Rehm and Steinbüchel 1999; Jin and Nikolau 2014) were heterologously overexpressed. This resulted in a genetically modified R. rubrum strain showing an altered intracellular redox balance, which proved to be beneficial for the incorporation of 3HV into synthesized PHA when cultivated with fructose or artificial syngas.
MATERIALS AND METHODS

Bacterial strains, plasmids and oligonucleotides
The bacterial strains, plasmids and oligonucleotides, which were used in this study, are listed in Table 1 . Escherichia coli TOP10 was used for cloning procedures for the generation of expression plasmids, which were then transferred into R. rubrum S1 (ATCC11170).
Cultivation of bacteria
All strains were cultivated in baffled Erlenmeyer flasks with a medium:flask volume ratio of 1:5 at 30
• C and an agitation of 120 rpm. Cultures were inoculated from precultures grown for 18 h to 2% of the main culture´s volume. Escherichia coli TOP10 and E. coli MG1655 were cultivated in lysogeny broth (LB) (Sambrook, Fritsch and Maniatis 1989) . Ralstonia eutropha H16 was grown in nutrient broth (NB). For heterotrophic cultivation, cells of R. rubrum were grown in triplicate in 50 mL of a modified medium by Bose, Gest and Ormerod (1961) , in which DL(-)malic acid was substituted with 10 g L −1 of D(-)fructose and 2 g L −1 of disodium
of yeast extract and casamino acids were added and the amount of (NH 4 ) 2 SO 4 was reduced to 1 g L −1 . For growth experiments concerning the utilization of amino acids for PHA synthesis in R. rubrum S1, 0.5 mL of sterile 500 mM solutions of respective amino acids was added to the culture after 24 h of cultivation. For cultivations with artificial syngas, D(-)fructose was omitted and 9.75 mg L −1 of NiCl 2 was added to the medium.
Triplicate cultivations of R. rubrum with syngas were carried out in 250 mL Duran flasks with baffles and butyl rubber caps in the absence of light. Prior to cultivation, flasks were flushed with nitrogen, which was then replaced by an artificial syngas mixture of 40% CO, 40% H 2 , 10% CO 2 and 10% N 2 . Syngas atmospheres in flasks were renewed after 3 days of cultivation. When required, kanamycin was applied at the following concentrations: 50 μg mL −1 for E. coli and 30 μg mL −1 for R.
rubrum. Growth was measured by determining the optical density of samples withdrawn from the culture at 680 nm or in a Klett Summerson photometer (Monostat) at 520-580 nm. Cells were separated from the culture broth by centrifugation for 20 min at 4000 g. Succinate concentrations in culture supernatants were determined by high-pressure liquid chromatography (HPLC) analysis as described previously (Heinrich et al. 2013) .
Generation of expression plasmids and transfer into E. coli and R. rubrum
Amplification, processing and manipulation of DNA were carried out according to the methods of Sambrook, Fritsch and Maniatis (1989) . The coding regions of phaB, pntAB and udhA genes were amplified applying the Phusion High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA) using oligonucleotides displayed in Table 1 . DNA fragments were cloned into the target expression vector pBBR1MCS-2 (Kovach et al. 1995) under control of a lac promoter applying T4 DNA ligase (Thermo Scientific, Waltham, MA, USA). Chemically competent E. coli TOP10 cells were transformed with the generated constructs (Hanahan 1983) , and resulting clones were verified by colony PCR, restriction analysis and sequencing of the isolated plasmids. The hybrid plasmid pBBR1MCS-2::phaB Re ::pntAB Eco was generated by linearizing the vector pBBR1MCS-2::phaB Re with ClaI and SpeI (BcuI) before ligating a similarly digested pntAB Eco fragment from pBBR1MCS-2::pntAB Eco . In order to yield pBBR1MCS-2::phaB Rr ::pntAB Eco , an SspI blunt-ended phaB Rr fragment from pBBR1MCS-2::phaB Rr was ligated into an EcoICRIlinearized pBBR1MCS-2::pntAB Eco vector. Verified hybrid plasmids were transferred into R. rubrum S1 through electroporation as described by Aneja, Ashby and Solaiman (2009) .
Determination of nicotinamide adenine dinucleotide phosphate levels
For measuring the intracellular redox state of nicotinamide dinucleotide phosphate, a photometrical-cycled enzyme assay modified from Zerez, Lee and Tanaka (1987) was carried out. Triplicate R. rubrum cultures of 20 mL were grown to an OD 680nm of 0.8-1.0. Harvested cells were washed once with sterile saline, frozen in liquid nitrogen, thawed and resuspended in 600 μL of sterile ice cold deionized water. Cells were further disrupted by bead milling, and 100 μL of the isolated cell extract, separated by centrifugation for 10 min at 10 000 g, was mixed with 100 μL of 0.2 M HCl for NADP + measurement or 100 μL of sterile deionized water for NADP + + NADPH measurement. Samples were then heated for 10 min at 65
The working reagent for the photometrical-cycled enzyme assay contained 135 mM Na-tricine, 5 mM Na 2 EDTA, 67.5 mM NaCl, 0.2 mM phenazine-methosulfate, 0.6 mM of Thiazolyl blue (Methylthiazolyldiphenyl-tetrazolium bromide) 3 mM glucose-6-phosphate and 1 U of glucose-6-phosphate dehydrogenase (Sigma-Aldrich, Steinheim, Germany). The absorbance at 570 nm was measured for 5 min at 37
• C.
Determination of PHA
A total of 5-10 mg lyophilized cell matter was submitted to acidic methanolysis, and the resulting methyl esters were analyzed by gas chromatography (GC) and GC-mass spectrometry as described previously (Brandl et al. 1988; Timm, Byrom and Steinbüchel 1990; Heinrich et al. 2012) . Standards of poly(3HB) (Heinrich et al. 2012 ) and poly(3HV) (Steinbüchel et al. 1993) homopolymers were used for quantification.
RESULTS
Cultivation of engineered R. rubrum strains with organic carbon sources
To compare biological parameters and PHA accumulation of the generated recombinant strains harboring different hybrid plasmids to those of the wild-type strain carrying an empty pBBR1MCS-2 vector, cultivations were carried out over a period of 54 h. Fructose was chosen as a heterotrophic carbon source as it is widely used and can be efficiently utilized for growth and synthesis of PHAs by R. rubrum (Grammel, Gilles and Ghosh 2003) . Succinate, yeast extract and casamino acid hydrolysate were provided additionally at low concentrations, as first cultivations showed that this reduced the lag phase significantly without affecting PHA accumulation in R. rubrum. The transhydrogenase coding gene pntAB from E. coli MG1655 was chosen for overexpression as the resulting gene product has been intensively characterized and applied in previous studies (Sauer et al. 2003; Kabus et al. 2007) . Under physiological conditions, PntAB Ec generates NADPH by oxidizing NADH, whereas the counter acting energy-independent transhydrogenase UdhA Ec catalyzes the reverse reaction (Sauer et al. 2003) . UdhA Ec was routinely expressed in R. rubrum for comparison. The phaB Re gene was used for overexpression as it is well described and its originating organism R. eutropha H16 synthesizes PHAs to a high percentage of the cell dry weight (CDW; Haywood et al. 1988; Schubert, Steinbüchel and Schlegel 1988) . Additionally pntAB Rr and phaB Rr were overexpressed to verify if a potentially positive effect was limited to heterologously overexpressed genes, which code for acetoacetyl-CoA reductases or transhydrogenases. Strains harboring genes for the membrane-bound transhydrogenase PntAB from E. coli showed an unexpectedly reduced specific growth rate in comparison to the wild-type strain harboring the empty vector or strains overexpressing phaB or udhA (Fig. 1, GC analyses revealed an impact of overexpressed genes on the amount of synthesized PHA as well as the polymer composition (Table 2 ). All analyzed strains accumulated a copolymer consisting of 3-hydroxybutyrate and 3HV. The overexpression of phaB genes from R. rubrum S1 and R. eutropha H16 led to an increase in PHA accumulation of 2-3% (wt/wt of CDW). Furthermore, the accumulated polymer showed a slightly higher molar fraction of 3HV constituents in comparison to the polymer synthesized by the wild-type R. rubrum strain harboring the empty pBBR1MCS-2. (Table 2 ). The recombinant R. rubrum strain overexpressing solely the pntAB gene from E. coli MG1655 synthesized a copolymer with a further increased molar fraction of 3HV of 3.9 ± 0.6 mol%. When the phaB Re and pntAB Ec genes were coexpressed, the synthesized copolymers contained the highest fractions of 3HV, reaching a maximum of 12.8 ± 0.9 mol% in R. rubrum pBBR1MCS-2::phaB Re ::pntAB Ec . However, the total amount of accumulated PHA (wt/wt of CDW) was considerably decreased in pntAB harboring strains (see the section 'Discussion'). It must be noted that cultures, which were harvested towards the end of the exponential growth phase (20 or 32 h after inoculation), displayed a similar polymer composition (data not shown). As R. rubrum itself chromosomally encodes a well-studied membranebound transhydrogenase (PntAB), which has been shown to supply NADPH when the bacterium is exposed to oxygen-limited conditions (Williams et al. 1994; Grammel, Gilles and Ghosh 2003; Huxley et al. 2011) , an R. rubrum strain harboring the plasmid pBBR1MCS-2::pntAB Rr was generated, and the cells were cultivated to investigate if a homologous overexpression would result in an altered composition of accumulated PHA as well. Although the recombinant R. rubrum strain overexpressing pntAB Rr showed slow growth similar to strains expressing pntAB Ec , the strain did not incorporate an increased amount of 3HV into the accumulated PHA. A connection between the increased molar fraction of 3HV in synthesized PHA and the concentration of NADPH in strains harboring the membrane-bound pyridine nucleotide transhydrogenase PntAB from E. coli MG1655 was found. These recombinant strains showed increased NADPH/NADP + ratios of up to 25% when compared to pntAB Ec negative strains (Table 2) . This showed that the pntAB gene from E. coli was expressed and led to an active membrane-bound transhydrogenase, transferring electrons from NADH to NADP + in R. rubrum. The heterologous expression of udhA Ec did not significantly alter the 19.4 ± 1.5 96.1 ± 0.6 3.9 ± 0.6 2.62 ± 0.11 udhA Ec 23.3 ± 0.6 99.3 ± 0.2 0.7 ± 0.2 2.00 ± 0.14 phaB Rr ::pntAB Ec 20.4 ± 1.7 87.6 ± 0.5 12.5 ± 0.5 2.31 ± 0.17 phaB Re ::pntAB Ec 21. 2 ± 1.4 87.2 ± 0.9 12.8 ± 0.9 2.50 ± 0.13 Table 3 . Influence of amino acids on poly(3HB-co-3HV) accumulation of R. rubrum strains. Amino acids were fed to a final concentration of 5 mM after 24 h of cultivation in SSFN media at 30
• C and 120 rpm. NADPH/NADP + ratio or the amount of incorporated 3HV in the generated recombinant R. rubrum strain when compared to the wild type.
As the catabolism of threonine and of derived branchedchain amino acids were shown to be a major source of propionylCoA in several microorganisms (Steinbüchel and Pieper 1992; Chen et al. 2011) and is also a potential electron sink for NADPH, it was investigated if the addition of different amino acids to the media would lead to an increased incorporation of 3HV into PHA in R. rubrum S1. For this L-threonine, L-isoleucine or L-serine were fed to cultures of R. rubrum S1 pBBR1MCS-2 or R. rubrum pBBR1MCS-2::phaB Re ::pntAB Ec , which incorporated the highest amount of 3HV, during the exponential growth phase. Notably, the addition of L-threonine and L-isoleucine, which are associated with the synthesis and degradation of branched-chain amino acids, led to clearly higher fractions of 3HV in the accumulated polymer when compared to cultures where L-serine was supplied or where amino-acid supplements were omitted (Table 3) . A side effect of the supplementation was a slight reduction in growth and in the overall amount of accumulated PHA when L-serine or L-threonine was added in both of the analyzed strains.
Cultivation of engineered R. rubrum strains with syngas
As R. rubrum belongs to the few microorganisms capable of utilizing carbon monoxide as the sole carbon and energy source, the potential of poly(3HB-co-3HV) synthesis from syngas with R. rubrum strains, which were engineered in this study, was tested. For this, R. rubrum pBBR1MCS-2::phaB Re ::pntAB Ec , which accumulated poly(3HB-co-3HV) with the highest molar 3HV fraction from fructose, was cultivated in an atmosphere of artificial syngas in the absence of light. Although the recombinant R. rubrum strain, as well as the wild type, grew significantly slower with carbon monoxide as the main carbon source, supplied CO and CO 2 was directly utilized for PHA synthesis, as the bacteria did not accumulate any PHA if only succinate was Figure 2 . Cultivation of engineered strains of R. rubrum. Cells of R. rubrum pBBR1MCS-2 (filled squares) and R. rubrum pBBR1MCS-2::phaBRe::pntABEc (filled triangles) were cultivated in SFN medium with an artificial syngas atmosphere of 40% CO, 40% H2, 10% CO2 and 10% N2. Additionally, R. rubrum pBBR1MCS-2 was cultivated in medium without syngas (filled rhombus). Optical densities were measured at 680 nm in samples withdrawn from the cultures. 3HB (gray bar) and 3HV (checkered bar) contents were measured by GC analysis of dried cell matter subjected to acidic methanolysis. n.d.: not detected. available (Fig. 2) . The wild-type strain of R. rubrum S1 harboring an empty pBBR1MCS-2 vector accumulated poly(3HB-co-3HV) to 5.1% ± 0.5% (wt/wt) of the CDW, with a 3HV fraction of 28.3 ± 5.9 mol%. The recombinant R. rubrum pBBR1MCS-2::phaB Re ::pntAB Ec strain showed an increased PHA accumulation of 10.1 ± 1.1% (wt/wt) of the CDW, which contained 55.5 ± 7.9 mol% 3HV. These results differed from those of cultivations with fructose under aerobic conditions, where the expression of pntAB Ec in R. rubrum led to a decrease in the total amount of synthesized PHA. As already documented for cells cultivated heterotrophically under aerobic conditions, the plasmid-bound pntAB Ec led to a reduced specific growth rate in R. rubrum which showed an increase in optical density of 0.151 d −1 ± 0.008 d −1 whereas the wild type of R. rubrum harboring an empty pBBR1MCS-2 displayed a specific growth rate of 0.196 d −1 ± 0.006 h −1 . HPLC analysis of the supernatants revealed the presence of 0.42 g l −1 of succinate in the media at the time of harvest for both cultivated strains of R. rubrum, which relates to 48% of the initial succinate content. When syngas was omitted from a culture of R. rubrum pBBR1MCS-2, a nearly identical amount of 47% (0.41 g l −1 ) of succinate was left in the culture media at the time of harvest, indicating that succinate was only utilized during the first 24 h in these cultures.
DISCUSSION
Although purple non-sulfur alphaproteobacteria are known to synthesize PHAs for a long time, they have mostly been studied as model organisms for bacterial photosynthesis, N 2 and CO 2 fixation or the biotechnical generation of hydrogen. Adding to the studies of Brandl et al. (1989) , Liebergesell et al. (1991) , Do et al. (2007) and Smith, West and Gibbons (2008) , who analyzed PHA synthesis of R. rubrum from different substrates, recent investigations by Jin and Nikolau elucidated the PHA metabolism of organisms at a molecular level Nikolau 2012, 2014) . Consistent with their most recent study (Jin and Nikolau 2014) , the acetoacetyl-CoA reductase PhaB was identified as a key enzyme in the PHA synthesis of R. rubrum by the experiments in this study (Table 2 ). Furthermore, it was shown that PhaB is not only a bottle neck in the formation of poly(3HB), but also in the incorporation of 3HV constituents. Haywood et al. (1988) previously reported that the relative activity towards 3-ketovaleryl-CoA of PhaB1 from R. eutropha H16, which was used to enhance PHA synthesis in R. rubrum in this work, was only 48% of its activity towards acetoacetyl-CoA.
As both PhaB enzymes of R. eutropha and R. rubrum seem to favor the reduction of acetoacetyl-CoA, an increased intracellular abundance of the enzymes seems to be required in order to form significant amounts of 3-hydroxyvaleryl-CoA from 3-ketovaleryl-CoA. An alteration in the level of expression of genes for the acetoacetyl-CoA reductase (phaB) to modify the polymer composition has been shown in R. eutropha H16 by Budde et al. (2011) . However, in this different approach the deletion or substitution of chromosomal phaB genes led to a decrease in 3HB in a 3-hydroxybutyrate-co-3-hydroxyhexanoate copolymer, where 3HH derived from fatty acid β-oxidation. Furthermore, the experiments carried out in this study demonstrated that the intracellular level of the reducing equivalent NADPH can be raised in order to build a supply of the 3-ketovaleryl-CoA precursor propionyl-CoA by overexpressing the gene for the nicotinamide adenine nucleotide transhydrogenase (pntAB) from E. coli MG1655. The proton motive force utilizing membrane-bound transhydrogenase PntAB increases the ratio of NADPH/NADP + (Table 2) , which clearly affected the metabolism of R. rubrum cells (Fig. 1) . Similar to this, a decrease in growth has been documented for a Corynebacterium glutamicum strain expressing pntAB Ec as well (Kabus et al. 2007) . While the amount of polymerized 3HV was increased in pntAB Ec harboring strains of R. rubrum, less 3HB was incorporated into the polymer, which led to a lower total PHA accumulation as compared to the wild-type strain under aerobic conditions ( Table 2) . As the citric acid cycle is a major pathway to reduce NAD + , acetyl-CoA derived from glycolysis could preferably be oxidized to generate NADH in order to compensate transhydrogenasemediated NADH oxidation. This would lead to a lower concentration of acetyl-CoA available for 3HB-CoA synthesis (Fig. 3) .
In further experiments, the supplementation of the amino acids L-threonine and L-isoleucine increased the 3HV fraction in the accumulated poly(3HB-co-3HV), while the addition of L-serine, which is not associated with the branched-chain amino-acid synthesis through threonine, had no effect on the copolymer composition (Table 3) . As the synthesis and degradation of threonine and branched-chain amino acids lead to the oxidation of NADPH, forming NADP + , as well as the reduction of NAD + , forming NADH, it presents a pathway capable of reestablishing the intracellular balance of reducing equivalents, thereby forming propionyl-CoA as an intermediate product of degradation in R. rubrum (Fig. 3) . The increased synthesis of such amino acids as an alternative electron sink has previously been reported for the ascomycete Aspergillus nidulans, which accumulated and secreted larger amounts of L-leucine, L-valine and L-isoleucine under oxygen-limiting conditions (Shimizu et al. 2010) . Since the enhanced synthesis and degradation of branched-chain amino acids through L-threonine lead to a continuous withdrawal of oxaloacetate, the anaplerotic acetate assimilating citramalate cycle or the ethyl-malonyl-CoA pathway, which have been described for R. rubrum and other purple alphaproteobacteria (Berg and Ivanovsky 2009) , could possibly replenish the citric acid cycle, thereby generating a further increased supply of propionyl-CoA available for 3HV synthesis. It is not evident why the addition of L-serine and L-threonine decreased the overall amount of poly(3HB-co-3HV) synthesized in the two R. rubrum strains (Table 3) . However, similarly to our results the feeding of high amounts of L-threonine has shown to drastically decrease the amount of PHA accumulated by Alcaligenes sp., while an equimolar addition of L-isoleucine did not (Choi et al. 2003) . Generally, the NADPH/NADP + metabolism of most microorganisms remains to be elucidated, as different strategies to compensate a lack or excess of the nicotinamide adenine dinucleotide phosphates have been discovered (Christiansen, Christensen and Nielsen 2002; Wittmann and Heinzle 2002; Sauer et al. 2003) . Grammel and coworkers (2003) reported that R. rubrum S1 itself harbors a pyridine nucleotide transhydrogenase, which supplies NADPH mainly when oxygen is limited. In contrast to E. coli, no soluble, energy-independent transhydrogenase (UdhA) is present in R. rubrum so that the balance of reducing reagents cannot be regulated simply by the level of expression of two counter acting transhydrogenase enzymes (PntAB/UdhA), as it has been shown for E. coli (Sauer et al. 2003) . In this study, the expression of pntAB Rr had a negative effect on growth in R. rubrum. However, no change in the PHA composition was detected as compared to the R. rubrum wild-type strain harboring the empty expression vector. Therefore, the activity of PntAB Rr might be regulated differently as its counterpart in E. coli. When grown anaerobically purple bacteria like R. rubrum have been shown to be more than suitable for the expression of membrane proteins since the absence of oxygen leads to an increased formation of intracytoplasmic membranes required for photosynthesis (Butzin, Owen and Collins 2010) . In fact, despite the reduced amount of energy (proton motive force) generated through the respiratory chain when grown in the absence of oxygen with syngas, pntAB Ec still had a significant effect on the polymer composition, which might be explained by an improved integration of the proteins into the membrane leading to an increased total activity of the heterologous PntAB (Fig. 2) . The recombinant R. rubrum pBBR1MCS-2::phaB Re ::pntAB Ec strain generated in this study serves as a model organism in a novel, alternative approach to increase the availability of 3HV precursors in PHA-producing organisms independently from external supply. Moreover, it could well be used for further investigations leading to a poly(3HB-co-3HV) production strain able to utilize varying carbon sources. To the author´s best knowledge, microbial wild-type, mutant or recombinant strains of multiple previous studies focusing on the synthesis of poly(3HB-co-3HV) from carbohydrates either accumulated a lower total amount of the copolymer (Haywood et al. 1991; Valentin and Dennis 1996; Chen et al. 2011; Han et al. 2013; Wang, Lui and Qi 2014) or showed a lower molar fraction of 3HV in the synthesized copolymer (Steinbüchel and Pieper 1992; Volova and Kalacheva 2005; Chen et al. 2011) than the engineered R. rubrum strain in this work.
Up to now, the approach of applying syngas-derived carbon monoxide for PHA production has not been pursued for many microorganisms. However, the use of R. rubrum for this purpose could well lead to an economically feasible process (Choi et al. 2010) . As there is much work to be done to efficiently cultivate R. rubrum to high cell densities, this study presents a first effort to improve the properties of accumulated PHA synthesized from unrelated carbon sources, such as fructose, carbon monoxide and carbon dioxide, while providing a novel metabolic engineering approach, which could potentially be transferred to other PHA producers as well.
